Abstract. Fe-14Mn-6Si-9Cr-5Ni (mass %) shape memory alloy (SMA) specimens were obtained by powder metallurgy in as-blended state (0_MA) and with particle volume fractions of 10 and 20 % MA'd powders, respectively. After hot rolling and solution treatment, between 973 and 1373 K, the specimens were pre-strained up to 4 %, on a tensile testing machine. The influences of: (i) MA'd fractions, (ii) solution treatment temperature and (iii) pre-straining degree were analysed by X-ray diffraction (XRD), optical (OM) and scanning electron (SEM) microscopy. In this purpose, the gauges of pre-strained specimens were cut and metallographically prepared. Dynamic mechanical analysis (DMA) was employed to emphasize the reverse transformation, during heating, of thermally induced martensite, obtained after solution treatment. The results proved that, as an effect of PM-MA processing, mechanical properties were improved, the amount of stress induced martensite increased and the reverse martensitic transformation was enhanced.
Introduction
After the first reports on Fe-Mn-Si Shape Memory Alloys (SMAs) single crystals, due to Sato et al., [1] [2] [3] , Murakami et al. succeeded to obtain Fe-(28-34) Mn-(4-6,5) Si (mass. %, as all chemical compositions will be listed hereinafter) polycrystalline alloys with almost perfect Shape Memory Effect (SME) [4] [5] [6] . Later, aiming to improve corrosion resistance, Otsuka et al. added Cr and Ni thus contributing to the development of Fe-28Mn-6Si-5Cr [7] and Fe-14Mn-6Si-9Cr-5Ni SMAs [8] , which became of commercial use [9] . In the alloys based on ternary Fe-Mn-Si system, the mechanism of Shape Memory Effect (SME) consists in the thermally induced reversion to γ-face centred cubic (fcc) austenite of ε-hexagonal close packed (hcp) stress-induced martensite [10] . Besides ε-hcp, a second martensitic phase, α'-body centred cubic (bcc), can be thermally or stress-induced, at low Mn content or high deformation degrees [11] . It has been argued that ε-hcp SIM plates should be as narrow as possible, with a single variant orientation and should interact neither with each other nor with pre-existing thermally induced martensite [12] .
All the above findings were obtained on specimens obtained by ingot metallurgy processing, comprising casting of molten alloys, multiple remelting operations, to achieve target chemical compositions and prolonged heat treatments, for chemical composition homogenization [13] .
An alternative processing routine is represented by powder metallurgy (PM) which is able to control both chemical composition and grain size [14] , when accompanied by mechanical alloying (MA) [15] and intense hot pressing [16] .
By extending MA-time to 30 hours and by applying subsequent sintering, Saito et al. obtained Fe 60 Mn 29 Si 11 alloys with the possibility to show SME [17] . More recently, Amini et al. reported "mechano-crystalyzation of an amorphous phase" in Fe-32Mn-6Si SMAs which were mechanically alloyed (MA'd) between 96 and 192 hours [18] and Saito et al. used MA and sintering to improve mechanical properties and performing SME in Fe-30Mn-6Si SMAs, in comparison with the alloys processed by ingot metallurgy [19] . Finally, Xu et al. performed comparative studies on forged and sintered Fe-28Mn-(1-4)Si alloys and concluded that the latter had considerably lower tensile strength due to the presence of porosities, which reduced the load-carrying capacity and caused stress concentration around the pores [20] .
All above results refer to "high manganese Fe-Mn-Si SMAs", which are generally ternary. In a series of works on quintenary Fe-Mn-Si-Cr-Ni SMAs, a part of present authors reported the thermally induced reversion to γ-fcc austenite of α'-bcc stress induced martensite [21] the formation of which was favoured by mechanical cycling up to 4 % maximum applied strains [22] . The substitution of a fraction of as blended powders with MA'd particles contributed to the reduction of surface oxidation [23] being associated with the presence of amorphous regions in PM-MA powder mixtures [24] of Fe-14Mn-6Si-9Cr-5Ni SMAs. In solution treated state, mechanical alloying enabled the increase of α'-bcc martensite amount [25] but with a suitable combination of MA'd powder fraction and corresponding selection of the parameters for sintering, rolling and solution treatment [26] an increase of shape recovery degree was recently observed in Fe-14Mn-6Si-9Cr-5Ni SMAs [27] . Based on the promising results, reported by some of present authors, on the influence of heat treatment temperature and pre-straining magnitude on the formation of stress induced martensite in ingot metallurgy Fe-MnSi-Cr-Ni SMA [28] , the present paper aims to study the same aspects in a PM SMA by considering the effects of substituting various fractions of as-blended powders with MA'd ones.
Experimental
Starting elemental powders of Fe (75 μm, 99.5% purity, Alfa AesarTM), Mn (53 μm, 99.3% purity, Alfa AesarTM), Si (150 μm, 99.9% purity, Alfa AesarTM), Cr (5-7 μm, Lab received) and Ni (3-5 μm, 99.9% purity, Alfa AesarTM) were used in the experimental studies. Powder mixture having 66 Fe, 14 Mn, 6 Si, 9 % Cr and 5 Ni (mass. %) was selected as target composition. After mixing, as blended powders were compacted by uniaxial cold pressing under 400 MPa and sintered to 1423 K for 7.2 ks [29] .
The first group of specimens (0_MA) was obtained from as-blended powders, while the second (10_MA) and third (20_MA) groups comprised 10 vol. % and 20 vol. % fractions of mechanically alloyed (MA) powders, respectively, obtained after high energy ball milling under argon atmosphere [30] .
Hot rolling was further applied with a working speed of 23.4×10 -2 m×s -1 , at 1370 K, to increase the compactness degree of sintered specimens. "Dog-bone" configurations for tensile tests and rectangular specimens for dynamic mechanical analysis (DMA) were further cut by spark erosion and solution treated for 0.3 ks at 973, 1073, 1173, 1273 or 1373 K. The specimens were designated by their fraction of MA'd powder followed by solution treatment temperature in 0 C (e.g. 20_MA_1100 contains 20 vol. % MA'd powder and was solution treated at 1373 K). Apparent density was accurately determined by hydrostatic weighing [31] with an electronic scales. The following porosity degrees were obtained: 16.85 % for 0_MA; 8.03 % for 10_MA and 5.94 % for 20_MA.
The gauge of one representative dog-bone specimen corresponding to each of the above solution treated and MA'd states, was cut, embedded into cold mounting resin and metallographically prepared by grinding, polishing and etching [32] before being analysed by optical (OM) and scanning electron microscopy (SEM) as well as Xray diffraction (XRD).
Dog-bone solution treated specimens were prestrained, according to ISO 6892-1:2009 standard, with different deformation degrees, by means of an INSTRON 3382 tensile testing machine, with a constant crosshead speed of 1mm/ min. After tension, specimen gauges were cut, prepared and analysed by OM, SEM and XRD respectively, as above mentioned.
OM micrographs were recorded on an OPTIKA XDS-3 MET microscope equipped with OPTIKAM 4083.B5 microscopy digital USB camera and OPTIKAM B5 software. SEM observations were performed by means of a SEM-VEGA II LSH TESCAN microscope, coupled with an EDX-QUANTAX QX2 ROENTEC detector. XRD patterns were recorded on the significance region 2θ = 30-100°, using an Expert PRO MPD diffractometer with Cu K α radiation. Corresponding crystallographic databases were used for the identification of the three above mentioned metallographic phases, α'-bcc, γ-fcc and ε-hcp.
DMA tests were performed with rectangular solution treated specimens on a device type DMA 242 Artemis NETZSCH, with force and amplitude resolutions of 50 μN and 0.5 nm, respectively, equipped with "three-point bending" specimen holder. Heating was applied from room temperature (RT) to 673, under Ar protective atmosphere, with a temperature variation rate of 5 K/ min, at constant frequency, 1 Hz and amplitude of 20 μm. The results were recorded under the form of DMA thermograms illustrating the variation of storage modulus (E') and internal friction (tan G) as a function of temperature.
Experimental results and discussion
Three series of tensile pre-straining curves, of the specimens with different fractions of MA'd powders subjected to 5 different solution treatments, are shown in Fig.1 . As expected, the presence of porosity enhanced brittleness. For this reason, maximum applied strain did not exceed 4 %. With few exceptions, the specimens behave similarly during unloading in such a way that the respective portions are parallel.
After unloading, cutting, embedding and metallographic preparation, the presence of stress induced martensite was emphasized on OM and SEM micrographs. Fig.2 illustrates a series of characteristic aspects of the specimens 0_MA, solution treated to the lowest, 973 K and highest, 1373 K temperatures, in initial and pre-strained condition. From a morphological point of view, there is a marked difference between ε-hcp and α'-bcc martensites. The former has typical "triangular" morphology, with narrow plates that completely cross austenite grains, from one border to the other [33] , while the latter forms shorter bands with lenticular shape, which do not cross austenite grains [34] . In the case of PM-Fe-Mn-Si-Cr-Ni SMAs, typical grain size was approximately 10 μm, which rendered the observation of martensite plates rather difficult. On the dark-field OM micrographs from Fig.1(a) and (b) the bands of α'-bcc martensite can be easily observed, in contrast to ε-hcp plates which were noticed only at larger magnifications, in SEM insets. The density of martensite bands is obviously larger in prestrained specimens, when comparing Fig.1(b) with (a) for 973 K-solution treatment and Fig.1(c) with (d) for 1373 K-solution treatment. Therefore, a certain amount of stress-induced martensite was formed after pre-straining. On the other hand, from a morphological point of view, no obvious differences can be observed between the specimens which were solution treated to different temperatures.
Figs.3 and 4 illustrate micrographs similar to Fig.1 , but corresponding to the specimens 10_MA and 20_MA, respectively. When comparing the micrographs of the specimens with increasing fractions of MA'd powders, it can be observed that martensite plates have the tendency to become finer. In addition, pre-straining caused an obvious increase of the number of martensite plates which can be ascribed to ε-hcp.
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04002-p. 3 The above observations were confirmed by XRD results. Most of the solution treated specimens revealed marked amounts of α'-bcc martensite in initial state, before pre-straining. After pre-straining, the amount of ε-hcp martensite tends to increase. A representative example of phase evolution tendencies, is illustrated in Fig.5, corresponding to the specimens which were solution treated at 1273 K. The diffraction maxima of XRD patterns were identified based on the crystallographic parameters of the unit cells of: (i) ε-hcp, a ε = 0.254 nm and c ε = 0.4 nm and (ii) α'-bcc martensites, a α' = 0.287 nm, as well as (iii) γ-fcc austenite, a γ = 0.36 nm [35, 36] . Using the ratios between the intensities of non-overlapping peaks, (110) α' , (101) ε , (200) γ , (200) α' (103) ε and (222) γ , semi-quantitative analysis [37] was done, as summarized in Table 1 . When analysing data scattering plots, performed with ORIGIN software, large variations were observed on the amounts of the three phases. This fact does not allow getting a sound conclusion on the general tendencies of phase amount variation with solution treatment temperature and pre-straining degree. On the other hand, with increasing the fraction of MA'd powders, obvious increasing tendencies of α'-martensite amount were noticed, accompanied by the decrease of γ-austenite.
The mechanical response of the two types of martensite, α'-bcc and ε-hcp, was further investigated during heating, by DMA, aiming to emphasize the changes accompanying their reversion to austenite. For comparison reasons, Fig.6 shows the DMA thermograms of the same specimens, solution treated at 1273 K, for which XRD patterns were shown in Fig.5 . It is well known that martensite reversion to austenite, during heating, is accompanied, at Fe-Mn-Si based SMAs, by a local drop in storage modulus (E') since martensite is harder than austenite [38] . Consequently, two portions of "modulus softening", during heating [39] , were identified by arrows in Fig.6(a) . In addition, martensite reversion to austenite has always been associated with a local maximum of internal friction (tan δ) [40] but there is a temperature shift between the starting point of modulus softening (decrease) and the beginning of internal friction peak [41] . In PM-MA'd FeMn-Si-Cr-Ni SMAs, where large amounts of α'-bcc martensite were thermally induced, when two tan δ maxima are noticed, during heating, the former was attributed to α'-bcc → γ-fcc and the latter to the ε-hcp → γ-fcc transformations, [42] . In Fig.6 the two reverse martensite transitions reached the maximum at A 50 α' and A 50 ε , respectively. Another particularity of the alloys under study is the fact that tan δ did not reach the same value, at the end of transformation, as it had before it, due to the large values of porosity degrees, ranging between 16.85 % for 0_MA and 5.94 % for 20_MA. Another important characteristic, of the alloys under study, is the increase of E', during heating, which can be associated with the antiferromagnetic transition of γ-fcc austenite. Its characteristic temperature (Néel) was designated as T N and localizes the beginning of storage modulus increase during heating [43] .
When comparing the fifteen DMA thermograms of the alloys under study, it was observed that the critical temperatures A 50 α' , A 50 ε and T N experienced rather large variation tendencies which could be caused by the above mentioned values of porosity degrees as well as by the differences in chemical composition among as blended (elemental) and MA'd powders.
Summary and conclusions
Fifteen sets of Fe-14Mn-6Si-9Cr-5Ni SMA specimens were obtained by powder metallurgy, with three fractions of mechanically alloyed powders (0, 10 and 20 vol. %) which were solution treated to five temperatures (973 K, 1073 K , …, 1373 K). Each set of specimens was prestrained with various deformation degrees up to 4 %, with the aim to stress-induced martensite.
By optical and scanning electron microscopy the formation of thermally induced α'-bcc martensite was revealed, besides ε-hcp, as a particularity of these PM-MA'd alloys. Martensite plates became finer with the increase of MA'd fraction. The presence of both martensites and γ-fcc austenite was confirmed on XRD patterns.
With increasing the fraction of MA'd powders the amount of α'-bcc martensite experienced a global increasing tendency on behalf of the amount of γ-fcc austenite.
The reversions to austenite of the two martensites, during heating, were emphasized by DMA, by means of two different internal friction maxima. The antiferromagnetic-paramangetic transition was accompanied by an increase of storage modulus, on heating.
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